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Abstract
Alterations of carbohydrate metabolism associated with parasitism were examined in an insect, Manduca sexta L. In insect
larvae maintained on a low carbohydrate diet gluconeogenesis from [3-13C]alanine was established from the fractional 13C
enrichment in trehalose, a disaccharide of glucose and the blood sugar of insects and other invertebrates. After
transamination of the isotopically substituted substrate to [3-13C]pyruvate, the latter was carboxylated to oxaloacetate
ultimately leading to de novo glucose synthesis and trehalose formation. Trehalose was selectively enriched with 13C at C1
and C6 followed by C2 and C5. 13C enrichment of blood sugar in insects parasitized by Cotesia congregata (Say) was
significantly greater than was observed in normal animals. The relative contributions of pyruvate carboxylation and
decarboxylation to trehalose labeling were determined from the 13C distribution in glutamine, synthesized as a byproduct of
the tricarboxylic acid cycle. The relative contribution of carboxylation was significantly greater in parasitized larvae than in
normal insects providing additional evidence of elevated gluconeogenesis due to parasitism. Despite the increased
gluconeogenesis in parasitized insects the level of blood sugar was the same in all animals. Because de novo glucose synthesis
does not normally maintain blood sugar level in insects maintained under these dietary conditions the findings suggest an
aberrant regulation over gluconeogenesis. The 13C labeling in trehalose was nearly symmetric in all insects but the mean C1/
C6 13C ratio was higher in parasitized animals suggesting a lower activity of the pentose phosphate pathway that brings
about a redistribution of 13C in trehalose following de novo glucose synthesis. Additional studies with insects maintained on
a high carbohydrate diet and administered [1,2-13C2]glucose confirmed a decreased level of pentose cycling during parasitism
consistent with a lower level of lipogenesis. It is suggested, however, that the pentose pathway may facilitate the synthesis of
trehalose from dietary carbohydrate by directing hexose phosphate cycled through the pathway to the production of
energy. ß 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction
Parasites are common infectious agents of man
and animals [1]. Studies on the physiological e¡ects
of parasitic infection typically focus on the patholog-
ical consequences leading to disease. Infection can
have drastic e¡ects on human and animal welfare,
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particularly when they occur in malnourished [2] or
immunocompromised [3] hosts. In invertebrate ani-
mals, which often vector parasites, the overt e¡ects
of parasitism may be as dramatic as those observed
in the de¢nitive vertebrate host, but frequently ap-
pear benign with the host surviving and sometimes
living for an extended period. Many behavioral,
physiological and metabolic changes that accompany
parasitism of invertebrates, whether these are inter-
mediate or de¢nitive hosts, serve to ensure adequate
nourishment for supporting the development and ul-
timately the transmission of the parasite [4,5]. Re-
cently, we investigated an insect, the immature larval
stage of the sphingid moth Manduca sexta, as a mod-
el for understanding the adaptive character of meta-
bolic alterations in parasitized invertebrates [6]. Here
we describe investigations aimed at understanding
the metabolic basis for the regulation of blood sugar
level in M. sexta parasitized by Cotesia congregata
(Say).
The free-living adult of C. congregata, a gregarious
hymenopterous parasite, typically oviposits one to
several hundred eggs in a single ¢fth instar larva or
caterpillar of the host. After hatching the parasites
develop within the host’s body cavity obtaining
nourishment solely from the blood. Depending on
the developmental host stage at the time of parasit-
ization complete parasite development may require
2 weeks. Following emergence of the fully mature
parasite larvae, the host may survive for several
days but will ultimately perish. During the develop-
mental period of the immature parasite a complex
pattern of physiological changes occur in parasitized
host larvae. Among these are alterations in storage
carbohydrate levels, including glycogen and trehalose
(Tre) [7], a non-reducing disaccharide of glucose and
the blood sugar of insects [8]. Other sugars, including
glucose (Glc), also occur in insect blood but at very
low levels relative to Tre [8]. Dietary investigations
have indicated that in some cases blood sugar is suf-
¢ciently elevated to provide nutritional bene¢t for
supporting parasite growth [7,9].
We recently examined the e¡ects of dietary carbo-
hydrate on the metabolism of [3-13C]alanine (Ala)
and the synthesis of blood sugar in M. sexta. Based
on the pattern of 13C enrichment in Tre the results
indicated gluconeogenesis from the labeled substrate
in insects maintained on a low carbohydrate diet
[6,10]. Although gluconeogenesis was not evident in
normal insects maintained on a high carbohydrate
diet perturbations in the 13C labeling pattern indi-
cated that gluconeogenesis may be elevated in para-
sitized insects under these conditions as well. It was
not possible from those studies, however, to quantify
the extent of gluconeogenesis or to determine the
contribution of gluconeogenesis from [3-13C]Ala to
total blood sugar. The investigations described below
con¢rm the above conclusions and describe investi-
gations employing a combination of 1H and 13C
NMR spectroscopy to directly demonstrate gluco-
neogenesis and an elevation in blood sugar synthesis
in parasitized insects. Findings from investigations
on [1,2-13C2]Glc metabolism and activity of the pen-
tose phosphate pathway and its e¡ects on the redis-
tribution of 13C in Tre are also reported.
2. Materials and methods
2.1. Insect rearing and arti¢cial diets
Laboratory colonies of the host M. sexta were
reared on an arti¢cial diet containing principally
wheat germ, casein, sucrose and linseed oil [11]. In-
sects were maintained at 28‡C under a 16 h light/8 h
dark photocycle. Larvae used in the experiments
were reared on the above diet until reaching the ¢fth
or ¢nal larval stadium and were then transferred
onto a semi-synthetic low carbohydrate experimental
diet containing casein, corn oil, inorganic salts, vita-
mins and supplemented with Torula yeast [10]. A
high carbohydrate diet of the same composition but
containing in addition sucrose at 68 g/l was used for
experiments on the pentose phosphate pathway. Nu-
trients and rearing supplies were purchased from Nu-
tritional Biochemicals (Cleveland, OH).
Host larvae were parasitized by a single C. congre-
gata female once or twice immediately prior to molt-
ing into the fourth instar. Parasitized insects were
also maintained on the regular rearing diet until
the ¢fth stadium. Newly molted ¢fth instar parasi-
tized and normal unparasitized larvae were trans-
ferred onto the experimental diets and maintained
for 2 days prior to administration of the 13C labeled
substrates. Care was taken to choose normal and
parasitized insects of similar size.
BBADIS 61838 10-6-99
S.N. Thompson, D.L. Dahlman / Biochimica et Biophysica Acta 1454 (1999) 133^142134
2.2. Administration 13C substituted substrates and
blood preparation
Gluconeogenesis and pentose pathway activity
were investigated by analyses of the 13C enrichment
in Tre and other metabolic products observed at
steady state following administration of isotopically
substituted [3-13C]Ala or [1,2-13C2]Glc. The 13C sub-
strates were administered to last instar larvae by in-
jection of physiological saline [12] into the body cav-
ity or hemocoel through the dorsal vessel (1 mg/
7.5 Wl). [3-13C]Ala was injected at 50 Wmol/g fresh
weight and [1,2-13C2]Glc at 25 Wmol/g fresh weight.
Enrichment in the principal metabolic products was
observed within 30 min following administration of
either substrate [13,14]. 13C substituted substrates
(s 99%) were purchased from Cambridge Isotope
Laboratories (Woburn, MA).
Blood or hemolymph was obtained from larvae
4 h post injection with 13C substituted Ala and 6 h
post injection with 13C substituted Glc after estab-
lishment of steady state labeling as previously de-
scribed [13,14]. Samples were collected in capillary
tubes from small incisions made in two prolegs.
Blood samples were immediately centrifuged in a re-
frigerated Beckman Microfuge for 3 min to remove
blood cells and any tissue debris. The supernatant
was deproteinized by addition of concentrated
HClO4 to 3.5%, and following centrifugation as
above, the supernatant was neutralized with
KHCO3. Samples were then refrigerated overnight,
and centrifuged a third time to remove all precipi-
tated KClO4. Prior to analyses the supernatants were
diluted with deuterium oxide (2H2O) to 20% and the
internal standard 3-(trimethylsilyl)-1-propane sul-
fonic acid was added to 20 mM.
2.3. 1H and 13C nuclear magnetic resonance
spectroscopic analyses
13C NMR analyses were conducted at 75.48 MHz
in a General Electric QE 300 spectrometer interfaced
with a Nicolet 1280 computer and operated in the
pulsed Fourier transform mode. Blood extracts were
placed in 5 mm glass Norell NMR tubes and ana-
lyzed in a 5 mm broadband probe. A 10 Ws (90‡)
radiofrequency pulse, 409.6 ms acquisition time and
2 s delay with continuous 1H broadband heteronu-
clear decoupling were the NMR parameters em-
ployed. Spectra were generated from 4000 data ac-
quisitions and required approx. 3 h.
13C spectral assignments were based on a combi-
nation of chemical and NMR analytical procedures
previously described [10,15]. Chemical shifts were re-
ported relative to an external tetramethylsilane
standard. Correction of 13C signal intensities was
made by the method of Christensen et al. [16] which
takes into account the pulse angle, relaxation time,
nuclear Overhauser e¡ects, acquisition time and in-
terpulse delay [17].
1H analyses were conducted at 300.15 MHz in a
GE QE 300 spectrometer under non-saturating con-
ditions employing a 10.2 Ws (90‡) radiofrequency
pulse, 2.56 s acquisition time and 6.5 s delay (s 5
T1). The pulse sequence was preceded by water pre-
saturation. Recycle time was 12.05 s.
During 1H analyses blood extracts were placed in
5 mm Shigemi NMR tubes. These contained a glass
plug with magnetic susceptibility equivalent to water
located immediately below the observation region
containing the sample. A removable insert with a
similar glass plug was placed above the observation
region after the sample was added to the tube. Anal-
yses with these NMR tubes signi¢cantly improved
the uneven baselines obtained by analysis in regular
NMR tubes thereby allowing more accurate quanti-
¢cation.
Quanti¢cation of individual NMR signals in he-
molymph extracts was made by computer integration
relative to the standard which has a chemical shift
of 0 ppm in the 1H NMR spectrum and approx.
32.67 ppm in the 13C spectrum.
2.4. Calculation of fractional 13C enrichment in Tre
synthesized from [3-13C]Ala
The 13C enrichment of the individual carbons of
Tre were estimated from the 1H and 13C NMR spec-
tra of blood extracts. The % 13C enrichment of Tre
C1 was ¢rst determined from the 1H spectrum for
each blood sample (Fig. 1). J coupling between 13C
and 1H results in a pair of satellite doublets about
the main 1H doublet. The down¢eld satellite was
clearly resolved. The up¢eld satellite, however, was
not always resolved from the remains of the sup-
pressed 1H signal for water. 13C enrichment in Tre
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C1 was calculated from the ratio of the intensities of
the down¢eld satellite (S) and the main doublet (D)
by the following arithmetic equation: 2S/(2S+D).
Corrections of 1H signal intensity were unnecessary
under the NMR conditions employed. 13C enrich-
ments of Tre carbons 2^5 were subsequently esti-
mated from the intensities of each in the 13C NMR
spectra relative to that of Tre C1.
2.5. Estimation of the relative contributions of
carboxylation and decarboxylation to Tre
labeling from [3-13C]Ala
The contributions of carboxylation and decarbox-
ylation of pyruvate derived from [3-13C]Ala to Tre
labeling were indicated from the labeling pattern in
Glx (g glutamine+glutamate+Q-glutamyl moiety of
glutathione) as outlined below. The Glx ratio em-
ployed was Glx (C2+C3)/C4. Carboxylation is re-
sponsible for net carbohydrate synthesis or gluconeo-
genesis, but in addition to enriching Tre
carboxylation simultaneously labels Glx at C2 and
C3. On the other hand, decarboxylation, which also
leads to Tre labeling, does not represent net carbo-
hydrate synthesis and simultaneously enriches Glx at
C4.
2.6. Estimation of blood sugar level and net
carbohydrate synthesis from [3-13C]Ala
The blood sugar concentration of each sample was
estimated from the 13C NMR spectrum by compar-
ing the signal intensities of the individual carbons of
Tre with that of the internal standard after applying
the appropriate corrections as described above and
assuming a natural abundance for Tre of 1.1%.
2.7. Determination of pentose phosphate pathway
activity and estimation of the % pentose cycling
Activity of the pentose phosphate pathway and the
relative contribution of the pathway to Glc utiliza-
tion were indicated by the Tre C1S/C3 and Tre C1S/
C2D 13C labeling ratios in Tre synthesized from the
administered [1,2-13C2]Glc (see Section 3.5). The %
pentose cycle (PC), that is, the proportion of the
administered Glc that is cycled by the pentose path-
way relative to metabolism by other pathways, in-
cluding Pyr formation via glycolysis or Tre synthesis,
was calculated from the following relationship: Tre
C1S/C2D = 100(2PC/(1+2PC)), based on the analysis
described by Katz and Wood [18]. The validity of
this approach for estimating pentose phosphate path-
way activity assumes the non-oxidative phase is op-
erating in a unidirectional manner and the intermedi-
ates are in isotopic equilibrium. The intensity of Tre
C4 was used to account for the contribution of nat-
ural 13C abundance to Tre C1S because the 13C en-
richment of C4 is minimally a¡ected by rearrange-
ments in the pentose pathway [19].
3. Results
3.1. Distribution of 13C enrichment in Tre and
metabolic derivation from [3-13C]Ala
13C enrichment of Tre was demonstrated from the
13C NMR spectra of blood from both control and
parasitized larvae maintained on the low carbohy-
drate diet (Fig. 1 and Table 1). Paired selective en-
richment of Tre C1 and C6, and C2 and C5 was
clearly evident suggesting de novo Glc synthesis as
Table 1
13C enrichment in trehalose (Tre) and glutamate, glutamine and glutathione (Glx) in the blood of the insect M. sexta parasitized by
C. congregata and administered [3-13C]alanine (x· þ S.E., n = 6)
% 13C enrichment in Trea 13C enrichment ratioa
C1 C2 C3 C4 C5 C6 Tre C1/C6 Glx
(C2+C3)/C4
Control 19.96 þ 1.44* 8.85 þ 0.98* 2.39 þ 0.35 1.84 þ 0.18* 10.55 þ 0.89* 20.98 þ 1.88* 0.96 þ 0.03 1.64 þ 0.07*
Parasitized 28.14 þ 1.17* 11.66 þ 0.63* 2.94 þ 0.35 2.75 þ 0.27* 13.48 þ 0.66* 27.22 þ 1.15* 1.04 þ 0.02 2.51 þ 0.18*
aDi¡erences between means followed by an asterisk are statistically di¡erent at the 5% con¢dence level as determined by Tukey’s mul-
tiple comparison of means test.
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described earlier [10]. Brie£y, the metabolic deriva-
tion of the Tre 13C labeling pattern is as follows:
[3-13C]Ala is ¢rst transaminated to [3-13C]pyruvate.
Carboxylation of the latter, catalyzed by pyruvate
carboxylase, leads to the synthesis of [3-13C]oxalo-
acetate. After reduction to malate, randomization
by fumarase produces a mixture of two oxaloacetate
isotopomers, [2,3-13C]oxaloacetate. Phosphoenolpyr-
uvate carboxykinase catalyzes the conversion of ox-
aloacetate to phosphoenolpyruvate which is then uti-
lized by the gluconeogenic pathway. Additional
randomization at the triose phosphate step leads to
labeling of both halves of Glc, and subsequently Tre.
Oxaloacetate labeled at C2 gives rise to Tre enriched
at C2 and C5, while oxaloacetate labeled at C3 gives
rise to Tre enriched at C1 and C6. Carboxylation
does not enrich Tre C3 or C4.
Parasitism signi¢cantly a¡ected de novo Tre syn-
thesis in M. sexta. The % 13C enrichment of Tre C1
and C6, and C2 and C5 was signi¢cantly higher in
parasitized larvae than was observed in control in-
sects (Table 1).
3.2. Contribution of [3-13C]pyruvate decarboxylation
to 13C enrichment of Tre and Glx
In addition to carboxylation, decarboxylation of
[3-13C]pyruvate to [2-13C]acetyl-coenzyme A, cata-
Fig. 1. Typical NMR spectra of perchloric acid extracts of blood from ¢fth instar M. sexta larvae maintained on a low carbohydrate
diet and administered [3-13C]Ala. 13C spectrum illustrates selective enrichment of Tre C1 and C6, and C2 and C5 and the predomi-
nant labeling of Glx C2 and C3 relative to C4. Spectrum was generated from 4000 data acquisitions. (Inset ¢gure) 1H spectrum in the
region 5.1^5.5 ppm showing the multiplet NMR signal structure due to 1H-13C J coupling of Tre C1. Spectrum was generated from
3000 data acquisitions.
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lyzed by pyruvate dehydrogenase, simultaneously en-
riches Tre at C1 and C6 as well as C2 and C5 after
metabolism through the TCA cycle to oxaloacetate.
This contribution to Tre formation, which does not
represent net carbohydrate synthesis, can be eval-
uated from the 13C labeling pattern is Glx. The latter
is comprised of glutamate, glutamine and glutathione
synthesized in sequence from oxoglutarate as by-
products of TCA cycle metabolism. 13C enrichment
of Glx at C2 and C3 results from carboxylation of
[3-13C]pyruvate followed by randomization at the fu-
marase-catalyzed step described above and conden-
sation of the resultant [2,3-13C]oxaloacetate with ace-
tyl-coenzyme A catalyzed by citrate synthase. TCA
cycle metabolism of [3-13C]oxaloacetate also leads to
enrichment of Tre at C3 and C4. Enrichment of Glx
at C4 occurs by condensation of oxaloacetate with
[2-13C]acetyl-coenzyme A. Thus, the ratio of 13C en-
richment in Glx C2 and C3 relative to C4 is a direct
indicator of the relative contribution of pyruvate car-
boxylation and decarboxylation to Tre labeling and
this ratio can also be employed to account for the
TCA cycle contribution to Tre labeling as previously
outlined [10].
Enrichment of Tre C3 and C4 was relatively low in
all insects (Table 1) and although the greater enrich-
ment of Tre C4 in parasitized larvae was statistically
signi¢cant it is clear that the TCA cycle contributed
minimally to glucogenesis in both insect groups.
Thus, the % 13C enrichment observed in Tre princi-
pally re£ects de novo synthesis. The increased gluco-
neogenic contribution in parasitized larvae was fur-
ther evident from the Glx (C2+C3)/C4 labeling ratio
which was approx. 2/3 greater in parasitized animals
(Table 1).
3.3. Blood sugar level and relative contribution of
[3-13C]Ala to blood sugar formation
The blood sugar concentrations determined in the
present investigations by NMR analyses are in good
agreement with concentrations previously reported
from analyses using the anthrone assay [20]. Despite
the di¡erence in gluconeogenesis between parasitized
and control insects, blood sugar concentration was
not di¡erent (Table 2). In agreement with the results
observed on 13C enrichment in Tre, signi¢cantly
more [3-13C]Ala was metabolized to Tre in parasi-
Fig. 2. Typical 13C NMR spectra of perchloric acid extracts of
blood from ¢fth instar M. sexta larvae maintained on a high
carbohydrate diet and administered [1,2-13C2]Glc. (A) Normal
unparasitized larva. (B) Larva parasitized by C. congregata.
Spectra demonstrate the 13C multiplet signal structure in Tre
C1 and C2 and selective 13C enrichment in Tre C1S and C3
due to pentose pathway activity (see Fig. 3 for metabolic deri-
vation). Spectra were generated from 4000 data acquisitions.
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tized larvae than occurred in normal insects (Table
2). The % glucogenic contribution reported here
(Table 2) is not the same parameter as the % gluco-
neogenic contribution described by Thompson and
Dahlman [6]. The former is the contribution of
[3-13C]Ala relative to other sources of blood sugar,
while the latter is the proportion of Tre labeling due
to carboxylation versus decarboxylation.
3.4. Activity of the pentose phosphate pathway and
e¡ects on 13C distribution in Tre synthesized from
[3-13C]Ala
In the absence of pentose pathway activity 13C
labeling of Tre synthesized from [3-13C]Ala via glu-
coneogenesis is expected to be symmetric, i.e. C1/
C6 = 1. The pentose pathway redistributes 13C in
Glc following gluconeogenesis [21]. Pentose cycling
is expected to bring about a decrease in the 13C in-
tensity of Tre C1 relative to C6 due to decarboxyla-
tion of Glc-6-phosphate in the ¢rst step of the path-
way. Thus the Tre C1/C6 ratio is a direct indicator of
the activity of the pentose pathway. The present re-
sults demonstrate a very low level of pentose cycling
but the mean ratio in parasitized insects was greater
than that of the normal insects (Table 1). The di¡er-
ence was not statistically signi¢cant at the 5%
con¢dence level, but approached that level of signi¢-
cance ^ Ps 0.06. Recognizing that pentose pathway
activity is generally low in animals maintained on
Fig. 3. Scheme showing the metabolism of [1,2-13C2]Glc in ¢fth instar M. sexta larvae and illustrating the redistribution of 13C in Tre
due to the pentose phosphate pathway.
Table 2
Blood sugar level and glucogenic contribution to blood sugar in
the insect M. sexta parasitized by C. congregata and adminis-
tered [3-13C]alanine (x· þ S.E., n = 5)
Trehalose level
(mM)
% glucogenic contribution
from [3-13C]alaninea
Control 14.27 þ 1.19 8.89 þ 0.73*
Parasitized 14.87 þ 2.72 11.80 þ 0.45*
aDi¡erences between means followed by an asterisk are statisti-
cally di¡erent at the 5% con¢dence level as determined by Tu-
key’s multiple comparison of means test.
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low carbohydrate diets we further investigated the
e¡ects of parasitism on pentose pathway activity by
examining non-glucogenic insects maintained on a
high carbohydrate diet and administered [1,2-
13C2]Glc. Because parasitized insects typically grow
at slower rates than normal larvae, and activity of
the pentose pathway is known to be a¡ected by
growth rate, we used parasitized and normal larvae
that were of similar size.
3.5. Pentose phosphate pathway activity and
metabolism of [1,2-13C2]Glc
Direct formation of blood Tre from [1,2-13C2]Glc
in M. sexta was evident from the Tre C1 and C2
doublet (D) signals that arise due to spin-spin J cou-
pling between adjacent 13C atoms (Fig. 2). In addi-
tion, Tre formation from Glc following cycling of
[1,2-13C2]Glc through the pentose pathway was evi-
dent from the redistribution of 13C in Tre that re-
sulted in increased enrichment of Tre C1S and C3.
Decarboxylation of [1,2-13C2]Glc catalyzed by Glc-6-
phosphate dehydrogenase uncouples the two 13C
atoms. C1 of [1,2-13C2]Glc is given up as 13CO2 while
the resultant [1-13C]pentose sugar product is cycled
through the pathway to [1,3-13C]fructose-6-phos-
phate, all as outlined in Fig. 3. The latter glycolytic
intermediate is then isomerized to Glc-6-phosphate
and condensed to [1,3-13C]Tre. The Tre C1S/C2D
then is a direct indicator of the % PC.
The Tre C1S/C2D and the % PC were signi¢cantly
reduced in parasitized larvae demonstrating a mark-
edly lower activity of the pentose pathway due to
parasitism (Table 3).
The Tre C1S/C3 ratio is a measure of the extent to
which Glc is recycled through the pentose pathway.
A single passage of the Glc through the cycle results
in a ratio of 2 (Fig. 3). The ratio will change upon
subsequent passages that in turn depend on the uti-
lization of Glc-6-phosphate by the pentose pathway
relative to other pathways. At moderate levels of
pentose cycling, 6 15%, ratios close to 2 are gener-
ally observed [22]. Despite the signi¢cantly lower Tre
C1S/C2D ratio in parasitized insects, the Tre C1S/C3
ratio was the same for both parasitized and normal
animals (Table 3).
4. Discussion
The present results clearly demonstrate an ab-
normally elevated level of gluconeogenesis and de
novo Tre synthesis in parasitized M. sexta larvae
maintained on a low carbohydrate diet. Moreover,
the ¢ndings suggest that this response results in
the maintenance of blood sugar level within the nor-
mal range under these dietary conditions. The in-
creased Tre synthesis, therefore, likely re£ects
the consumption of sugar by the developing para-
sites.
The above observations are of fundamental inter-
est because maintenance of blood sugar is not char-
acteristic of invertebrate animals [23]. In contrast to
the relatively stable concentration of blood sugar in
vertebrate animals the blood sugar of invertebrates is
highly variable and does not appear to be regulated
in a homeostatic manner. For example, when M.
sexta is maintained on low carbohydrate diets blood
sugar level is relatively low, as observed in the
present studies, and increases sharply with increased
dietary sugar level. On a high carbohydrate diet or
on normal rearing diet the blood sugar may be as
high as 100 mM [24,25]. In insects, variable blood
sugar is physiologically important in the regulation
Table 3
13C enrichment in trehalose (Tre) in the blood of the insect M. sexta parasitized by C. congregata and administered [1,2-13C2]glucose
(x· þ S.E., n = 5)
13C enrichment ratiosa % pentose cyclinga
Tre C1S/C3 Tre C1S/C2D
Control 2.25 þ 0.12 0.22 þ 0.01* 14.62 þ 1.80*
Parasitized 2.08 þ 0.30 0.10 þ 0.01* 6.88 þ 1.47*
aDi¡erences between means followed by an asterisk are statistically di¡erent at the 5% con¢dence level as determined by Tukey’s mul-
tiple comparison of means test.
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of feeding behavior [26] and in the selection of food
based on nutritional quality [27].
The basis for the maintenance of blood sugar by
elevated gluconeogenesis in parasitized insects is not
known. Regulation of blood Glc in higher animals
results from short- and long-term mechanisms in-
volving the liver and principally two pancreatic hor-
mones, insulin and glucagon, that a¡ect both enzyme
activity and enzyme synthesis [28]. Glucagon, for ex-
ample, increases de novo glucose synthesis by cAMP-
mediated stimulation of fructose-2,6-bisphosphatase
and induction of phosphoenolpyruvate carboxyki-
nase synthesis, and stimulates glycogen mobilization
by activating glycogen phosphorylase. Little is
known about the hormonal regulation of carbohy-
drate metabolism in insects. Hypertrehalosemic hor-
mone, a hormone released from neurohemal organs
in the brain of many insects, is known to activate
glycogen phosphorylase in M. sexta, thereby provid-
ing Glc and stimulating short-term Tre synthesis dur-
ing starvation [29,30] in an analogous manner as
occurs with glucagon. Tre is synthesized by conden-
sation of Glc-6-phosphate with UDPGlc catalyzed
by Tre synthase, the latter substrate being derived
from Glc-1-phosphate. The site of Tre synthesis is
the insect fat body, an organ that in many functional
respects is similar to liver [31]. Unlike glucagon, hy-
pertrehalosemic hormone does not appear to a¡ect
gluconeogenesis [32] and no hormonal basis for reg-
ulation of de novo Glc synthesis has been established
in insects. Moreover, recent studies with M. sexta
indicate an absence of short-term regulation over
gluconeogenesis by dietary carbohydrate, a ¢nding
that may partially explain the highly variable nature
of Tre level in insects [6].
The present results with parasitized larvae, how-
ever, suggest that blood sugar level may be directly
involved in regulating gluconeogenesis in a similar
fashion as occurs in higher animals. Blood sugar lev-
el is not maintained in normal glucogenic M. sexta
larvae maintained on a low carbohydrate diet [6,20],
and starvation, which severely depletes blood sugar
in the absence of glycogen stores [24], fails to induce
gluconeogenesis. Other studies with insects further
suggest that blood sugar level does not normally reg-
ulate Tre synthesis. Khan and Steele [33] for example
reported that decreased blood sugar in Periplaneta
americana resulted in a decrease in the release of
hypertrehalosemic hormone. Thus, the maintenance
of blood sugar level by elevated gluconeogenesis in
M. sexta during parasitism by C. congregata appears
to re£ect an aberrant metabolism and nutritional
regulation over gluconeogenesis. The e¡ect may be
hormonally mediated but further study is necessary
to establish the nature of hormonal regulation over
carbohydrate synthesis in M. sexta. Moreover, fac-
tors released by the parasite, including hormone-like
factors, may be intimately involved in bringing about
the metabolic changes observed.
The signi¢cantly reduced level of pentose cycling
in parasitized M. sexta suggests a sharply reduced
demand for reduced NADP. NADPH+H and pen-
tose sugars form the principal products of the pen-
tose pathway. To balance the generally greater need
for NADPH for lipogenesis, excess pentose sugars
are condensed in the non-oxidative phase of the pen-
tose pathway to produce fructose-6-phosphate which
can be oxidized for energy or isomerized to Glc
phosphates and consumed for Tre and/or glycogen
synthesis. The present ¢ndings, therefore, are consis-
tent with a reduction in fat synthesis during parasit-
ism, as was previously observed in investigations of
glucose oxidation in parasitized M. sexta [13]. The
results may also indicate that a greater proportion of
substrate cycled through the pentose pathway is di-
rected to energy production due to a disequilibrium
in the glycolytic pathway. This would facilitate the
synthesis of Tre from Glc phosphates derived from
dietary carbohydrate. Further investigations are
needed to establish the role of the pentose phosphate
pathway in the metabolism of M. sexta and the sig-
ni¢cance of the lower cycling observed in parasitized
animals.
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